Summary Considering increasing interest in calcium stores in protozoa, including parasitic forms, and specifically in subplasmalemmal stores in higher eukaryotes, we have isolated subplasmalemmal calcium stores (alveolar sacs) from the ciliated protozoan, Paramecium tetraurelia. Using antibodies against established sarco(endo)plasmic reticulum Caz+-ATPases (SERCAs) we detected in Western blots of subcellular fractions a band of -106 kDa size selectively in alveolar sacs -but not, for example, in plasma membranes -and concomitant restriction of immunofluorecence labelling to the cell cortex of permeabilised cells. These results are the same as with ABs against a peptide derived from a cloned SERCA-like gene from Paramecium [Hauser K., Pavlovic N., Kissmehl R., Plattner H. Molecular characterization of a sarco(endo)plasmic reticulum Ca2+-ATPase gene from Paramecium tefraurelia and localisation of its gene product to subplasmalemmal calcium stores. Biochem J 1998; 334: 31-381. When such isolated alveolar sacs were now tested for phosphoenzyme intermediate (EP) formation, a phosphoprotein of the same apparent molecular mass (-106 kDa) as in blots could be identified in gel autoradiograms. This EP corresponds to that formed in the reaction cycle of different SERCA-types, with dependency on Caz+ and Mg*+, sensitivity to La3+ or insensitivity towards calmodulin, calmodulin antagonists and vanadate. However, EP formation in alveolar sacs is not inhibited by established SERCA inhibitors (e.g. thapsigargi[ci]n tested up to 100 PM). Surprisingly, caffeine, which is frequently used to mobilise Ca2+ from intracellular stores, strongly inhibits EP formation. In parallel experiments, we did not find any similar effect with sarcoplasmic reticulum isolated from skeletal muscle. We conclude that the -106 kDa protein of alveolar sacs in Paramecium may represent a SERCA-like Ca*+-ATPase with some unorthodox features, which might be relevant also for some other protozoan systems. In this case, the established Ca*+-mobilizing effect of caffeine may be amplified by inhibiting store refilling.
(reviewed in [l] ). Most of their secretory organelles ('trichocysts') are docked at the cell surface ready for synchronous release [Z] . Stimulation results in a rapid subplasmalemmal [Ca2+] , increase even in the absence of extracellular Ca2+ ([Ca2+],) [3] . This may be due to the occurrence of vast subplasmalemmal calcium stores, the 'alveolar sacs' 14-61 which are tightly attached at the cell membrane, with each trichocyst positioned at the edge of four adjacent sacs [7] . Alveolar sacs may be a special form of endoplasmic reticulum (ER) sharing several characteristics with mammalian sarcoplasmic reticulum (SR) 181, including the existence of a calsequestrin-like high capacity/low affinity Ca2+-binding protein [9] . They also show strong sensitivity to caffeine [lo, 1 11 , frequently used up to 50 mM in various cell systems to mobilise Ca2+ from intracellular stores via ryanodine-sensitive Ca2+ channels . However, there is no evidence for a ryanodine sensitive release mechanism in Paramecium [8, 16] . Caffeine may also act as an inhibitor of a Ca2+-ATPase [lo] whose occurrence in isolated alveolar sacs has been implied from 45Ca2+ sequestration studies [4, 8] . This Ca2+-ATPase is believed to be related to a sarco(endo)plasmic reticulum Ca2+-ATPase (SERCA)-type [8] which is like the plasmalemmal Ca2+-pump, a P-type transport ATPase characterised by the transfer of the y phosphate of ATP to the enzyme to form a transient phosphoenzyme intermediate . Although the reaction mechanism of the two types of Ca2+ pumps is essentially identical, involving the transient formation and hydrolysis of an acylphosphate bond to an aspartate residue, SERCAs strongly differ from plasmalemmal Ca2+ pumps in several characteristics, e.g. molecular mass, immunological reactivity, sensitivity towards pharmacological agents or in the differential interaction with regulator proteins . In mammalian cells, several SERCA isoforms have been identified that are derived from three genes, SERCA-1, SERCA-2 and SERCA-3, which each has a distinct pattern of tissue-specific and developmentally regulated expression [ 191. Their molecular masses differ between 97 and 116 kDa depending on the isoform, tissue and species. However, additional structurally distinct types exist [20] suggesting that the full extent of heterogeneity among SERCA-type Caz+ pumps has not yet been fully explored. Nevertheless, we could use antibodies (ABs) against established SERCAs and against a peptide derived from the cloned gene of the Ca2+-ATPase precisely of this subplasmalemmal calcium pool in Paramecium (see Results and Discussion) as specific probes.
The main problems in our work were to: (i) discriminate between Caz+-ATPases in the plasma membrane and in tightly attached stores; and (ii) account for unexpected drug effects. In the present study, we have taken advantage of some characteristic properties of mammalian SERCA-type Ca2+-ATPases with regard to formation of phosphoenzyme intermediates for their identification in subplasmalemmal calcium stores of Paramecium. These thapsigargin (TG)-insensitive stores in part share some characteristics with, but in part are different from, established mammalian SERCAs. A novel aspect is inhibition by caffeine.
Our findings might be of more general interest, considering the importance of Ca2+ for host cell invasion by parasitic protozoa [21] , which, like Paramecitim, belong to the phylum of 'alveolata ' [22] and the involvement of ill-defined but frequently postulated, subplasmalemmal Ca2+ stores in exocytosis, up to mammalian systems [23-251. Materials 2,5-di-(tert-butyl)-1,4-benzohydroquinone (TBHQ 99%) was from Aldrich (Steinheim, Germany). Cyclopiazonic acid (CPA), thapsigargin (TG), caffeine, aprotinin, ruthenium red, sodium orthovanadate, N-ptosyl-L-arginine methyl ester (TAME) and E64 were obtained from Sigma. Compound R24571 (calmidazolium), thapsigargicin (TGC), chymostatin and antipain were from Calbiochem (San Diego, CA, USA). Protein assay dye reagent was purchased from Bio-Rad (Munich, Germany), trifluoperazine (TPP) from Boehringer-Mamrheim and pepstatin A from Serva (Heidelberg, Germany). Pefabloc SC and leupeptin were from Biomol (Hamburg Germany), SDS protein molecular weight markers (LMW and HMW) from Pharmacia LKB Biotechnology and nitrocellulose (NC)-membranes (BA-85) were from Schleicher-Schuell (Dassel, Germany). Radioactive [Y~~P]-ATP was from ICN Biomedicals (Eschwege, Germany). All solvents and other reagents used were of analytical grade.
Cell culture and cell fractionation Paramecium ktraurelia wild type cells (strain 7s) were grown sterilely at 25°C to early stationary phase as previously described [26] . Cells were deciliated by a Ca2+-shock and cilia were purified by differential centrifugation [27] . Whole cell homogenates were prepared in phase buffer (20 mM Tris-maleate, 20 mM NaOH, 20 mM NaCI, 250 mM sucrose, pH 70) by -100 hand strokes in a glass homogeniser equipped with a Teflon pestle. Soluble and particulate fractions were separated by centrifugation at 100,000 g for 60 min at 4°C. Cell surface complexes ('cortices') were prepared as in Lumpert After the final centrifugation step, the pellet was suspended in 2-3 ml of HMI, homogenised once again by 3-5 strokes and aliquots of 150 ~1 were layered on top of 10 ml transparent tubes containing HMI, 0.25 M sucrose and 22% (v/v) Percoll. Tubes were spun at 52,000 g in a Sorvall ultracentrifuge OTD Combi, Ti50 fixed angle rotor (27,000 rpm) for 20 min. The two upper bands were recovered by pipetting and pooled fractions were diluted in 20 volumes of HMI and centrifuged in a Sorvall JA20, fixed angle rotor, for 10 min at 10,000 rpm, The pellet was rinsed twice with the same buffer and twice with IK buffer (30 mM imidazole-HCl, 100 mM KCl, pH 6.8) each for 5 min at 2500 'pm in a Heraeaus Sepatech 2150, swing-out rotor. Finally, the pellets containing predominamly alveolar sacs were suspended to a final volume of l-2 ml at 0°C. SR was prepared from white portions of psoas muscles from adult rabbits containing SERCA-1 [32] . A protease-inhibitor cocktail of 15 The reaction was terminated after 20 s of incubation at 0°C by adding 0.5 ml of ice-cold stop-solution (10% trichloroacetic acid jTCA], 50 mM phosphoric acid, 0.5 mM ATP). After 10 min on ice, precipitated proteins were pelleted by centrifugation for 3 min in an Eppendorf centrifuge. This procedure was repeated 3 times before the pellets were rinsed with 0.5 ml ice-cold distilled water. Hydroxylamine sensitivity of the water-rinsed TCA precipitates was analysed in the presence of either 0.15 M NaOAc plus 150 mM hydroxylamine hydrochloride, pH 6.0 or, for controls, in 0.15 M NaOAc plus 150 mM TrisHCl, pH 6.0 [33]. After 10 min at 2O"C, the proteins were precipitated in stop solution, pelleted, rinsed with water and prepared for SDS-PAGE.
Electrophoretic techniques
Phosphorylated samples were subjected to SDS-PAGE either under acidic conditions [33] or using the conditions of Laemmli, but without boiling samples prior to electrophoresis. Non-phosphorylated samples of the various cell fractions were also separated on linear gradient (5-100/o) SDS polyacrylamide gels. Gels were either stained with silver or prepared for blotting onto nitrocellulose membranes as in [34] . 
Miscellaneous
Protein concentration was determined using Bio-Rad protein assay reagents with BSA as a standard. Autoradiography was performed with silver-stained gels dried onto cellophane under vacuum and exposed to Amersham Hyperfilm-MP in Kodak X-Omatic cassettes with an intensifier screen for 3-48 h at -70°C. Phosphoproteins were evaluated densitometrically using a Quick Scan Densitometer from Desaga (Heidelberg, Germany). For quantitation, relative peak areas were measured.
RESULTS
We refined a cell fractionation protocol combining methods by Wright and Van Houten [31], Stelly et al [4] and Ltige et al [8] to purify alveolar sacs. This minimises contamination by cilia, trichocysts, gullets, etc. of our preparations. Figure 1 shows the characteristic mosaic pattern of flattened membrane-bounded sacs [7] . Additionally, this protocol yielded an ER enriched fraction, as characterised by Wright and Van Houten [3 11 .
As shown in Figure 2A , immunofluorescence analysis by SERCA-2A peptide specific ABs reveals a selective cortical staining in Paramecium cells. In Western blots of subcellular fractions, a strong immunoreactive band occurs at -106 kDa either in isolated cortex fragments (containing different cortical structures, including alveolar ." (average 106) protein in autoradiograms, not only on acidic gels (not shown), but also on Laemmli gels (Fig. 3,  lane 1) . Since this 32P labelling is strongly sensitive to hydroxylamine (Fig. 4A) and also depends on the presence of Ca2+ and Mg2+ (Fig. 3, lanes 2 and 3) we assume the -106 kDa protein to be the EP of the Ca2+-ATPase in alveolar sacs. Maximal labelling already occurred with 0.1 @I Ca2+ (calculated and measured as in [3] ), though we usually used higher concentrations as indicated in the figures. Also, the apparent molecular mass is more comparable to that of SERCAs [ 18, 191 than to those of the plasma membrane. Also only the latter is calmodulin (CaM) regulated [17] , just as in Paramecium where it forms EP at 133 kDa [31, 39] .
Lanthanum, an established inhibitor of Ca2+-transport ATPases, is generally used to discriminate between Ca2+-ATPases of the SERCA-type and those of the plasma membrane by either their inhibitory or stimulatory effects on EP formation, respectively [17] . Surprisingly, when pre-incubated in the presence of Ca2+ and Mg2+ (Fig. 3, lane 10 ) LaCl, (50 PM) strongly increases EPformation by a factor 2-3, an effect which seems to resemble that for the 133 kDa Ca2+-ATPase from Paramecium plasma membranes [3 11 . La3+ also increases EP formation in the presence of Ca2+ only (lane 1 l), which may indicate that it can substitute for Mg2+ (see also Table 1 ). In contrast, when Ca2+/Mg2+ was added after pre-incubation with La3+, EP formation is strongly reduced (Fig. 4B) , thus showing characteristics similar to those observed with SERCA-type Ca2+-ATPases.
Also in Figure 3 , we analysed the sensitivity of EP formation to either TG (TGC), TBHQ or CPA which all are known to be specific, but structurally unrelated SERCA Ca2+-pump inhibitors [40] . In concentrations of I @I which is sufficient to inhibit EP formation in mammalian SERCAs totally [41] , 106 kDa EP formation is not influenced by any of these drugs, regardless of whether La3+ was absent or present and independently of the order of preincubations prior to the phosphorylation assay (not shown). However, on raising concentrations up to 100 PM, phosphorylation intensity of the 106 kDa band does not decrease, but surprisingly increases by -80% by either TG (Fig. 3, lane 6) or by the less hydrophilic analogue, TGC (lane 7). In contrast, TBHQ (lane 8) or CPA (lane 9) do not or only slightly influence EP formation even at high concentration. Since preincubation was in the presence of Ca2+ this may interfere with inhibition [42] . After pre-incubation prior to adding Ca2+ EP formation is increased in the same manner by TG or TGC, whereas no significant stimulation was observed with either TBHQ or CPA, respectively (not shown). We also analysed the influence of these inhibitors under conditions of intensified EP formation due to La3+. As shown in Table 1 , EP formation was not significantly influenced by any inhibitor. Therefore, La3+ may act on similar sites of the Caz+-ATPase molecule as TG or TGC in high concentrations. Altogether, these data would not yet unequivocally identify the -106 kDa protein as a SERCA-type, but one has to consider the well-known insensitivity of a variety of Ca2+ stores to different inhibitors [43] . Hence, we also tested the effect of added endogenous CaM on EP formation. As shown in Figure 5 calmidazolium and TFP (lanes 5 and 6) do not influence EP formation. To check any possible loss of a putative CahJ-binding domain, more protease inhibitors were used during isolation at higher concentration. However, neither an EP shift to higher apparent molecular masses, nor any effects on phosphorylation are observed in the presence of CaM or of Cah4 antagonists (not shown). This strongly supports CahMndependency of the -106 kDa EP, thus arguing for a SERCA-type.
We also checked the influence of orthovanadate, a stereo-analogue of phosphate which at low concentrations strongly inhibits the activity of CM-regulated Ca2+-ATPases by binding to the amino acid residue relevant for EP formation at the active site [17] . When tested up to 30 PM, i.e. 5-l5-fold higher than observed for half-maximal inhibition of the Ca2+-ATPase in Paramecium plasma membranes [30, 3 11 , EP-formation is not or only slightly inhibited, maximally by -25% (Fig. 6,  lane 8) . This is comparable to effects on EP formation [44] or calcium uptake with established SERCAs [45] . Ruthenium red, a polycationic dye which non-specifically inhibits the plasma membrane Ca*+-pump [46] by interacting with inositide-dependent sites on the molecule [47] also does not influence EP formation in the alveolar sacs (< 30 FM tested, not shown). analysed under conditions of intensified EP formation due to 50 PM La3+ (Fig. 7 lanes l-6) , with IC,, = 9 mM (Fig. 8) . When assayed under conditions of reduced EP formation (Ca2+/Mg2+ added after La3+), IC,, = 50 mM. In contrast, with Ca2+/Mg2+ added after caffeine, in the absence of La3+, EP formation is increased by 50 mM caffeine by s 40% (Fig. 8, filled circles) . We then analysed whether caffeine, an activator of Altogether, these data strongly suggest that caffeine Ca2+ release channels of intracellular stores in other may directly act on the SERCA, i.e. under normal systems [ 13-151, may have any effect on the Ca2+-ATPase conditions by inhibition. For concentration dependent of alveolar sacs, as one might conclude from 45Ca2+ caffeine effects, see also end of Discussion. To check uptake kinetics [lo]. Again we analysed EP formation whether caffeine would inhibit other SERCAs as well, we under varying conditions (Figs 6-8) . In fact, caffeine analysed microsomes from fast-twitch fibres of rabbit strongly inhibits EP formation in a dose dependent skeletal muscle containing SERCA-1 [l&32]. EP manner (Fig. 6) , with IC,, = 10 mM when pre-incubated formation at -110 kDa shows strong TG/TGC sensitivity, in the presence of Ca*+ and Mg*+ (Fig. 8) shown). When tested for caffeine sensitivity under varying conditions, EP formation was not significantly inhibited by 2 50 mM caffeine, independently of whether La3+ was present (Fig. 7, lanes 7-12) or not (not shown).
DISCUSSION
Although there are several reports on active calcium sequestration into the alveolar system of Paramecium cells [4,8, lo] , the unequivocal identification and biochemical characterisation of a CaZ+-ATPase occurring in the membranes of these subplasmalemmal calcium stores has not been accomplished. We now present further data on the existence of such a CaZ+-ATPase located exclusively in these stores which shares several immunochemical, enzymatic, pharmacological and biochemical characteristics with known mammalian Ca2+-ATPases of the SERCA-type. However, there are also some unusual features, which will be discussed in detail. 481. By combining several isolation protocols [4, 8, 31] we obtained an alveolar sac fraction predominantly free of cilia, trichocysts, gullets and other contamination (Fig. 1 ). This is supported by identification in these stores of a Ca2+-ATPase which we consider related to SERCA-type pumps for the following reasons:
1. SERCA specific ABs only react with alveolar sacs or with isolated cortex fragments (containing alveolar system), but not with isolated plasma membrane vesicles, cilia, microsomes, or trichocysts (Fig. ZB) . This localisation is confirmed by the exclusive cortical localisation of immunofluorescence in permeabilised cells (Fig. ZA) . The gene product from Paramecium contains the sequence, 966--1-972
[36], which is also found in the C-terminal region of SERCA-2A 1351. Epitopes of this type can be recognised by ABs [37, 38] .
The molecular mass of -106 kDa, obtained either by Western blot analysis (Fig. 2B) or by EP formation (Figs 3-7) , strongly resembles SERCA-type Ca2+-ATPases [ 181, rather than Paramecium Ca2+-ATPases of 146 kDa in the ciliary membrane [49] , of 53-68 kDa in the ciliary supematant fraction [50] , or at 13 1 -133 kDa in the somatic plasma membrane [39, 51] , for which we confirm EP formation (not shown).
Since formation of hydroxylamine-labile phosphoenzyme intermediates in alveolar sacs strongly depends on Ca2+ and Mg2+, but not on CaM, CaM antagonists, vanadate or ruthenium red, this also excludes plasma membranes as source of EP formation [30, 3 1,391. All this is corroborated by identification of a cDNA encoding a Paramecium SERCA gene 1361 which is quite different from the recently cloned plasmalemmal Ca2+-pump [5 11. Assignment to the SERCA-type
Can our enzymatic data, including some unorthodox characteristics (such as the effects of La3+, low sensitivity to SERCA inhibitors, inhibition by caffeine) be reconciled with assignment to a SERCA type? A most important criterion is hydroxylamine-sensitivity of the phosphoenzyme intermediates (Fig. 4A) and its formation in a Ca2+-and Mg2+-dependent manner (Fig. 3) at 0°C with fast kinetics (20 s), thus distinguishing them from potential kinase substrates [33] . Since this has been observed with the alveolar sac fractions (Fig. 3) with known 45Ca2+ sequestration activity [4, 8, 10] this accords with a similar reaction mechanism accepted for all Ca2+ sequestering ATPases analysed so far [ 17, 18, 52, 53] . When ATP is added after pre-incubation with Ca2+, EP may be rapidly formed by transfer of the ATP terminal phosphate (E,P) to a hydroxylamine-sensitive aspartyl residue, in Paramecium probably at position 360 [36] . In parallel with EP formation, before hydrolytic cleavage of P, bound Ca2+ may be intemalised by the enzyme and then released into the vesicle lumen against a concentration gradient. In the resting state the total Ca2+ concentration has been estimated to be in the range of that in SR [6] . This transition to the E,P conformation may be promoted by Mg2+. The catalytic and transport cycle would then be finally completed by hydrolytic cleavage of the phosphorylated enzyme intermediate (E2) followed by a return to the high-affinity conformation E, state. However, such a reaction mechanism is not restricted to Ca2+-ATPases of the SERCA type, but is also applied to plasmalemmal Ca2+-ATPases [ 17, 191 . Therefore, other criteria are required to distinguish between these two types of Ca2+-ATPases [ 174 11. One of these is La3+ which, at variance with the SERCA Ca2+-pump, at low concentrations (< 100 @I), increases the steady-state level of the phosphoenzyme in the plasmalemmal Ca2+-pump [17] . Unexpectedly, with the Ca2+-ATPase in alveolar sacs, we observed both stimulatory and inhibitory effects of La3+ on EP formation depending on the sequence of application relative to Ca2+/Mg2+ prior to the phosphorylation reaction (Fig. 4B) . These antagonistic effects of La3+ may be explained either by the displacement of Mg2+ (interrupting the E,P -+ E,P transition, with accumulation of E,P, as is discussed for the plasmalemmal Ca2+-ATPase [54] and for SERCAs [55, 56] ), or by direct binding to cytoplasmic Ca2+ transporting sites (blocking phosphorylation with the consequent low level, as observed with SERCAs [57] ). However, since we found the effects of La3+ to depend strongly on the sequence of pre-incubation prior to the reaction, such a criterion cannot definitely discriminate between the two types of Ca2+-ATPases.
Another potential criterion is the use of SERCA specific inhibitors. TG at nanomolar concentrations [58] is believed to bind stoichiometrically to all SERCAs and causes irreversible inhibition of their activity by blocking in the Ca2+-free E, state [59] . However, when tested at concentrations of 1 @I, EP formation in alveolar sacs is not influenced (this paper) and 45Ca2+-pumping activity is not reduced [8, 10] . The same is true for conditions (TG applied prior to Ca2+) when a protective effect of Ca2+ on the E, conformation [60] can be excluded. Surprisingly, in concentrations up to 100 pM, the EP states (either E,P or E,P) are preferred (Fig. 3) suggesting that TG or TGC may also exhibit some other inhibitory effects on the Paramecium enzyme which, however, have still to be analysed in detail. Similarly, at these concentrations, 45Ca2+ sequestration is reduced [8, 10] . We conclude the SERCA of alveolar sacs to be of low TG sensitivity. TGbinding domains in the pump we analysed are at variance to those in TG-sensitive stores [36] . Occurrence of low TGsensitivity organellar Ca2+-ATPases has also been demonstrated in bovine adrenal chromaffin cells [61] or in human platelets 156,621, the latter also exhibiting an increase of steady-state EP level in the presence of La3+. Ca2+-ATPases of low TG sensitivity also occur in Golgi fractions from yeast [63] , in the ER of several plants [64, 65] , as well as in Ca2+-storage compartments of the protozoan parasite Leishmalzia mexicana [66] . In several mammalian cell lines, coexistence of TGsensitive and insensitive pools has been postulated 167-691.
Effects of caffeine
Quite unexpected was inhibition of EP formation by caffeine (Figs 6-8 ). Interestingly, with regard to the situation in Paramecium, in GH,C,, cells a TGresistant, ATP-dependent Ca2+-storage seems to be coupled to the caffeine-responsive pool with characteristics of a CICR compartment [67] . However, in Paramecium there is no evidence for such a release mechanism [8, 16] , although caffeine clearly mobilises cortical Ca2+ in vivo very rapidly, i.e. within 2 s [ll]. On the other hand, 45Ca2+ uptake kinetics with alveolar sac fractions revealed noncompetitive inhibition [lo] . This is in good agreement with the present work on EP formation (Figs 6-8) . Thus, caffeine may exert a dual effect in the protozoan system, i.e. rapid store mobilization [l l] and inhibition of Ca2+ sequestration into stores (this study). Since the effects of caffeine also depend on assay conditions (see Results and Fig. 8 ) we assume that caffeine may interfere with the actions of Mg2+ on the various conformations of the enzyme which can promote both EP composition and decomposition [17] . Although caffeine is required in similarly high concentrations, i.e. > 50 mM, for full Ca2+ response also in higher eukaryotic systems [70, 71] , it remains to be seen whether the caffeine effects we describe are applicable also to other systems. Schultz (University of Tiibingen, Germany) for generously providing Paramecium GM. This study was supported by grant SFB 156/B4 from the Deutsche Forschungsgemeinschaft.
